Formation of cell clusters is a common morphogenic cell behavior observed during tissue and organ development and homeostasis, as well as during pathological disorders. Dynamic regulation of cell clustering depends on the balance between contraction of cells into clusters and migration of cells as dispersed individuals. Previously we reported that under procontractile culture conditions, fibronectin fibrillar matrix assembly by human fibroblasts functioned as a nucleation center for cell clustering on three-dimensional collagen matrices. Here we report that switching preformed cell clusters from procontractile to promigratory culture conditions results in cell dispersal out of clusters and disruption of FN matrix. Experiments using small interfering RNA silencing and pharmacological inhibition demonstrated that matrix metalloproteinase activity involving MMP-2 was necessary for fibronectin matrix disruption and dispersal of cell clusters.
INTRODUCTION
Formation and maintenance of tissues depend on cell-cell and cellextracellular matrix (ECM) interactions (Rozario and DeSimone, 2010) . Disruption of these interactions can interfere with normal tissue homeostasis such as occurs in development and wound repair and plays an important role in pathological conditions such as tumor invasiveness and metastasis (Nelson and Bissell, 2006; Reinhart-King, 2011; Lu et al., 2012) . Assembly and disassembly of multi cellular complexes creates shape and functionality in tissues and organs, each of which has its unique composition and characteristics (Sasai, 2013) . At the level of cell-cell interactions, cadherins provide tissue cohesion (Steinberg and Takeichi, 1994; Gumbiner, 1996; Duguay et al., 2003) . Cell-matrix interactions mediated by integrins play equally important roles, not only by helping to stabilize multicellular structures, but also by regulating cell migration (Huttenlocher et al., 1998; Robinson et al., 2004; Sevilla et al., 2010; Wolf and Friedl, 2011) .
Because of its biological relevance, tissue morphogenesis has become an important research topic and subject of bioengineering interest (Mironov et al., 2009) . Although not well understood, microenvironmental cues such as ECM composition, stiffness, and porosity play pivotal roles in determining cell behavior (Discher et al., 2005; Grinnell and Petroll, 2010; Grinnell and Ho, 2013; Hakkinen et al., 2011; Petrie and Yamada, 2012; Trappmann et al., 2012; Gu et al., 2014) . Formation of mesenchymal cell clusters is a common morphogenic cell behavior observed during tissue and organ development and homeostasis (reviewed in da Rocha-Azevedo and and may be related to stromatogenesis that occurs as part of invasiveness of tumor cells between fascial planes (Giatromanolaki et al., 2007) . Fascial planes constitute paths of least resistance associated with tumor cell invasion (Cross, 2013) .
The formation of cell cluster structures can be mimicked in vitro by diverse approaches, including nonadhesive substrates, rotary systems, and three-dimensional (3D) synthetic or biological scaffolds (reviewed in da Rocha-Azevedo and . Using activity necessary for cell clustering and can be removed from serum by treatment with activated charcoal without causing a major change in the overall serum protein composition (Rhee et al., 2010) . Figure  1C shows that switching preclustered samples to serum that had been treated with activated charcoal (cFBS) did not result in cluster dispersal. Therefore removing procontractile growth factors also was not sufficient for cell dispersal to occur. On the other hand, samples switched to combined cFBS/PDGF underwent dispersal. Adding the promigratory stimulus in the presence of serum was able to cause cluster dispersal as long as serum procontractile growth factors had been removed.
The dynamics of cluster dispersal and FN matrix disruption was observed in real time by using samples in which clusters had been preformed in the presence of rhodamine-conjugated FN (R-FN). Figure 2A shows combined phase contrast, fluorescence images soft, collagen-coated polyacrylamide gels, the Wang laboratory showed that morphogenic cell clustering by fibroblasts occurred through a cell contractile-dependent mechanism requiring Rho and myosin II (Guo et al., 2006) . Subsequent work using a similar model but with endothelial cells confirmed that substrate compliance was a key biomechanical parameter that regulated cell clustering (Reinhart-King et al., 2008) .
Studies in our laboratory have focused on fibroblasts interacting with 3D collagen matrices (Grinnell and Petroll, 2010) . We observed that fibroblasts incubated on 3D collagen matrices in serum-containing medium-a procontractile growth factor environment-also underwent Rho-and myosin II-dependent morphogenic cell clustering similar to cells on soft polyacrylamide. On the other hand, fibroblasts cultured in platelet-derived growth factor (PDGF)containing medium-a promigratory growth factor environmentexhibited individual cell migration rather than cell clustering (Rhee et al., 2010) .
Other research on morphogenic cell clustering on collagen matrices, carried out with fibronectin (FN)-null mouse fibroblasts, demonstrated a FN requirement for clustering and association of FN with the collagen matrix (Sevilla et al., 2010 (Sevilla et al., , 2013 . We found that fibrillar FN matrix assembled by human fibroblasts functioned as a nucleation center for cell clustering on collagen matrices and that blocking Rho kinase and myosin II or interfering with α5β1 integrin receptors inhibited FN matrix assembly (da . These findings help explain how FN can function during mesenchymal condensation as a biological scaffold (Frenz et al., 1989; Jahoda et al., 1992; Singh and Schwarzbauer, 2012) .
Dynamic regulation of morphogenic cell clustering depends on the balance between contraction of cells into clusters and migration of cells as dispersed individuals. In previous studies, we observed that cell clustering on 3D collagen matrices was a reversible process. That is, switching fibroblast clusters from a procontractile to promigratory growth factor environment resulted in cell dispersal (Rhee et al., 2010) . We carried out the present studies to gain further insight into the mechanism and regulation of cell dispersal from clusters.
RESULTS

Growth factor dependence of fibroblast cluster dispersal and FN matrix disruption
As previously reported, fibroblasts incubated in fetal bovine serum (FBS)-containing medium (procontractile conditions) on 3D collagen matrices formed multicellular clusters concomitant with formation of a FN fibrillar matrix. In marked contrast, cells incubated in PDGF-containing medium (promigratory conditions) remained dispersed without organizing FN (da . Figure 1A (results quantified in Figure 1B ) shows the consequences of further incubating preformed cell clusters in FBS-and PDGF-containing media. In samples switched to PDGF-but not to FBS-containing medium, dispersal of cell clusters occurred. At the same time, disruption of the FN fibrillar matrix took place.
To gain further insight into the mechanism of cluster dispersal, we carried out experiments varying procontractile and promigratory growth factor conditions. Figure 1 also shows the results of switching preformed cell clusters to medium containing both FBS and PDGF. FBS exerted a dominant effect. That is, neither FN matrix disruption nor cluster dispersal occurred in the FBS/PDGF samples. Therefore adding the promigratory stimulus by itself was not sufficient to cause cluster dispersal in the continued presence of serum.
Lipid agonists lysophosphatidic acid and sphingosine-1-phosphate are the growth factors responsible for serum procontractile antibody we are using would have detected the presence of degraded FN polypeptides. Figure 2C shows immunoblotting analysis of other experiments to analyze FN associated with cells and the collagen matrix after samples were washed and extracted. Consistent with the findings using R-FN, less FN appeared to be associated with cells and matrix after dispersal. However, here again, FN appeared to be intact.
Fibroblast cluster dispersal depends on matrix metalloproteinase activity
Because dispersal of cell clusters was accompanied by disruption of FN fibrillar matrix, we tested whether proteolytic activity was required. Serine proteinases such as urokinase and tissue-type plasminogen activators can degrade FN (Chen and Chen, 1987; Marchina and Barlati, 1996) . However, addition of the serine proteinase inhibitor aprotinin (20 μg/ml) to the incubations had no effect on cluster dispersal (unpublished data).
Matrix metalloproteinases (MMPs) also have been shown to degrade ECM and a play a role in cell migration (Robbins et al., 1999; Steffensen et al., 2011; Wolf and Friedl, 2011; Jiao et al., 2012) . Figure 3 shows that adding broad-spectrum MMP inhibitors GM6001 (galardin) and BB-94 (batimastat; Galardy et al., 1992; Hidalgo and Eckhardt, 2001) inhibited cell cluster dispersal and prevented disruption of the FN fibrillar matrix. These inhibitors had no effect on initial formation of cell clusters (unpublished data).
The results with broad-spectrum MMP inhibitors suggested that MMPs were involved in dispersal of cell clusters and disruption of fibronectin fibrillar matrix. Membrane type 1 MMP (MT1-MMP) frequently has been shown to play a role in degradation of ECM components in migrating cells (Kinoshita et al., 1998; Seiki, 2003; Takino et al., 2011) . Therefore we tested whether MT1-MMP was from a time-lapse experiment in which fibroblasts underwent cluster dispersal in PDGF medium during 20 h (see Supplemental Movie). Localized disruption of FN occurred, with residual clumps of R-FN seen remaining associated with cells. After cell dispersal, R-FN was mostly along cell margins rather than in a juxtanuclear location such as might have occurred if R-FN had been phagocytosed. In general, the timing and extent of cluster dispersal were inversely related to cluster size and extent of FN fibrillar matrix. Figure 2B shows immunoblotting analysis of FN in the medium after cluster dispersal. As expected, samples in the continued presence of FBS contained much more FN that samples that had been switched from FBS to PDGF. FN detected in the medium after cluster dispersal appeared to be mostly intact, since the polyclonal maintained in a clustered state. Figure 6A shows that higher levels of MMP-2 were detected in extracted samples under conditions of cluster dispersal (FBS/PDGF). Figure 6B shows that higher levels of secreted MMP-2 were detected in the medium by enzyme-linked immunosorbent assay (ELISA). These data suggested that MMP-2 was up-regulated and secreted during cluster dispersal. We also analyzed cell lysates by zymography, which not only can detect both proenzyme and activated MMP forms, but also is more sensitive than immunoblotting (Troeberg and Nagase, 2004) . Figure 6C shows the presence of two prominent gelatinolytic bands in the molecular range of MMP-2 (see Figure 5B ) in samples undergoing cell dispersal (control), whereas samples from cultures that contained BB-94 to inhibit dispersal of cell clusters contained only the slower-moving band. This finding was consistent with the possibility that activation of proMMP-2 occurred under conditions of cell dispersal and that BB-94 blocked dispersal of cell clusters by preventing MMP-2 activation.
Similar to other MMPs, MMP-2 enzyme activity requires activation of the proenzyme (Page-McCaw et al., 2007) . To test further whether the requirement for MMP-2 in cluster dispersal depended on MMP activity, we carried out experiments using the MMP-2 inhibitor ARP101 (Jo et al., 2011) . Figure 7A shows that ARP101 inhibited dispersal of cell clusters in a dose-dependent manner at concentrations others have reported to inhibit cellular MMP-2 activity (Tuccinardi et al., 2006) . In addition, Figure 7B shows that FN matrix disruption was inhibited in the presence of the inhibitor. ARP101 had no effect on fibroblast clustering (unpublished data). These important in dispersal of cell clusters by using small interfering RNA (siRNA) to silence MT1-MMP expression. Figure 4A shows that siRNA treatment effectively silenced MT1-MMP. However, dispersal of cell clusters occurred similarly with mock and MT1-MMPsilenced fibroblasts ( Figure 5B ). Silencing MT1-MMP did not prevent cells from forming clustering, and silencing persisted over the length of the experiments (unpublished data).
Involvement of MMP-2 in fibroblast cluster dispersal
MMP-2 also has been shown play a role in degradation of ECM components and cell migration (Kinoshita et al., 1998; Xu et al., 2005; Kenny et al., 2008; Steffensen et al., 2011) . Therefore we tested whether siRNA silencing of MMP-2 affected dispersal of cell clusters and disruption of fibronectin fibrillar matrix. Figure 5 , A and B, shows effective siRNA silencing of MMP-2 expression detected by Western blotting and gelatin zymography. Figure 5C shows that cells with siRNA-silenced MMP-2 no longer exhibited cell cluster dispersal and FN matrix disruption, suggesting that MMP-2 was required for cell cluster dispersal and FN matrix disruption. In other experiments, we found that siRNA silencing of MMP-2 did not affect the ability of cells to undergo clustering (unpublished data).
We compared the expression levels of MMP-2 associated with cells and collagen matrix under dispersal conditions versus cultures contraction of cells into clusters and migration of cells as dispersed individuals (Rhee et al., 2010) . The present research was carried out to gain further insight into the mechanism of cell dispersal. As will be discussed later in detail, our findings suggest that matrix metalloproteinases, especially MMP-2, are required for dispersal of cell clusters and disruption of FN fibrillar matrix upon switching from procontractile to promigratory conditions. Our studies suggest that dispersal of cell clusters and disruption of the FN fibrillar matrix required two signals: removal of the procontractile stimulus and addition of the promigratory stimulus. This could be concluded since addition of PDGF and FBS together to preformed cell clusters did not cause cluster dispersal or FN matrix disruption, nor did switching preformed clusters to medium containing cFBS, that is, FBS that had been treated with activated charcoal to remove the procontractile serum lipid agonists required for cell clustering (Rhee et al., 2010) . However, dispersal of preformed cell clusters did occur with the combination of PDGF and cFBS added to the incubations.
MMPs are known to play a role in cell migration, wound healing, tissue remodeling, and invasion (Stamenkovic, 2000; Page-McCaw et al., 2007; Martins et al., 2013) , and broad-spectrum findings support the idea that MMP-2 enzymatic activity is required for dispersal of cell clusters and FN matrix disruption.
DISCUSSION
Formation of mesenchymal cell clusters is a common morphogenic cell behavior observed during tissue and organ development and homeostasis (reviewed in da Rocha-Azevedo and and may be related to stromal formation that occurs between fascial planes (Giatromanolaki et al., 2007) . Fascial planes provide paths of least resistance to tumor cell invasion (Rowe and Weiss, 2009) . Previously we reported that fibroblast clustering on collagen matrices is a dynamic, reversible process that depends on the balance between 
MATERIALS AND METHODS Materials
High-concentration, rat-tail type I collagen was obtained from BD Biosciences (Bedford, MA). DMEM, CO 2 -independent DMEM, Opti-MEM, 0.25% trypsin-EDTA, and antibiotic-antimycotic solutions were purchased from GIBCO (Grand Island, NY). FBS was obtained from Atlanta Biologicals (Lawrenceville, GA). Human recombinant platelet-derived growth factor (PDGF-BB) was obtained from Upstate Biotechnology (Lake Placid, NY). Gelatin was purchased from Bio-Rad (Richmond, CA). Bovine serum albumin (BSA; fatty acidfree), activated charcoal, monoclonal anti-actin antibody, and batimastat (BB-94) were purchased from Sigma-Aldrich (St. Louis, MO). R-FN was purchased from Cytoskeleton (Denver, CO). Human recombinant MMP-2 and GM6001 were purchased from Calbiochem/ EMD Millipore (Billerica, MA). ARP101 was obtained from TOCRIS Bioscience (Bristol, UK). Monoclonal antibodies against MMP-2 and MT1-MMP and polyclonal antibody against FN were obtained from Abcam (Cambridge, MA). BSA (fraction V) was obtained from Equitech (Kerrville, TX). Horseradish peroxidase (HRP)-conjugated goat anti-mouse and rabbit secondary antibodies were obtained from MP Biomedicals (Solon, OH), and Thermo Scientific (Pittsburgh, PA), respectively. Hoechst 33342, Alexa 488-phalloidin and Alexa 488-and 568-conjugated secondary antibodies against mouse and rabbit immunoglobulin Gs were obtained from Molecular Probes/ Invitrogen (Eugene, OR). Fluoromount G was purchased from Southern Biotechnology (Birmingham, AL). Lipofectamine RNAiMAX was obtained from Life Technologies (Carlsbad, CA). Predesigned siRNA oligonucleotide sequences targeting MMP-2 were obtained from Sigma-Aldrich (Mission siRNA); specific oligonucleotides targeting MT1-MMP and a nontargeting siRNA were obtained from Thermo Scientific-Dharmacon (Lafayette, CO).
Cell culture
BR-5 cells (early passage, hTERT immortalized, human foreskin fibroblasts) were grown on DMEM supplemented with 10% FBS at 37°C and 5% CO 2 in a humidified incubator (Rhee et al., 2007) . In some experiments, FBS was treated with two rounds of activated charcoal (cFBS) to remove lipid agonists as described previously (Jiang et al., 2008) . Experimental condition media consisted of incubating cells on DMEM supplemented with 10% FBS (DMEM-FBS), DMEM supplemented with 5 mg/ml fatty acid-free BSA, and 50 ng/ml PDGF-BB (DMEM-PDGF) or DMEM supplemented with activated charcoal-treated FBS (DMEM-cFBS). For time-lapse microscopy, CO 2 -independent basal DMEM replaces regular DMEM. The use of human fibroblasts was approved by the University Institutional Review Board (exemption #4).
Collagen matrix preparation, cell clustering, and cluster dispersal
Collagen matrices (1 mg/ml) were prepared as previously described (da Rocha-Azevedo et al., 2013) . Cluster formation assays were performed by adding 2 × 10 4 cells on the top of collagen matrices for 18 h at 37°C in one of the aforementioned media. Cluster dispersal assays consist of incubating clusters premade on DMEM-FBS with DMEM-PDGF for 18 h at 37°C after one careful wash with phosphate-buffered saline (PBS). Matrix metalloproteinase inhibitors GM6001, BB-94, and ARP101 and recombinant MMP-2 (rMMP-2) were added on diverse media as indicated in the figures.
For quantification purposes, a cell cluster was defined as containing as ≥20 cell nuclei/100 μm 2 area averaged over four low-magnification (4×) fields. Quantitative experiments were carried out in MMP inhibitors GM6001 and BB-94 (Galardy et al., 1992; Hidalgo and Eckhardt, 2001) inhibited cell cluster dispersal and FN matrix disruption. MT1-MMP has been shown to be important for cell migration (Sabeh et al., 2009; Kirmse et al., 2011) by causing pericellular proteolysis of the ECM (Hornebeck et al., 2002; Wolf and Friedl, 2011) , but siRNA silencing of MT1-MMP did not block dispersal of cell clusters or FN matrix disruption. On the other hand, siRNA silencing of MMP-2 was as effective as the broad-spectrum MMP inhibitors in preventing cell cluster dispersal and fibronectin matrix disruption.
By immunoblotting, we observed an increase in MMP-2 levels in cell/matrix extracts prepared under conditions of cell cluster dispersal compared with controls. Albeit not detected in the immunoblots, cell/matrix extracts subjected to zymography exhibited two bands consistent with the presence of proMMP-2 and MMP-2. The faster-moving band was not observed if the dispersal incubations had contained BB-94 MMP inhibitor to inhibit cell cluster dispersal. These findings suggested that under promigratory conditions leading to dispersal of cell clusters, cellular proMMP-2 increased and MMP-2 activation occurred. Further evidence that MMP-2 activity was important for dispersal of cell clusters and disruption of FN fibrillar matrix came from pharmacological studies showing a robust inhibitory effect of the MMP-2 activity inhibitor ARP101.
Although our findings showed that MMP-2 activity is required for cell cluster dispersal and FN matrix disruption, the function of MMP-2 probably is not degradation of FN directly. During dispersal of cell clusters, residual clumps of FN fibrillar matrix remained associated with the cells. FN extracted from the cells and matrix and in the medium showed mostly intact FN and little evidence of smaller polypeptides. Therefore the residual clumps of fibronectin matrix probably contained intact FN. Although fibroblasts can phagocytose FN (Grinnell and Geiger, 1986; Salicioni et al., 2002; Sottile and Chandler, 2005) , distribution of FN clumps mostly along cell margins rather than in a juxtanuclear location suggested that the FN had not been internalized. Instead of direct degradation of FN, disruption of the fibrillar matrix may be a secondary effect of MMP-2 activation, for instance, by disrupting FN-collagen interactions that have been implicated in microtissue organization (Sevilla et al., 2013) .
Alternatively, cells might release FN fibrillar matrix from their surfaces by an as-yet-unknown, MMP-2-dependent regulatory mechanism. In this regard, it is worth noting that MMP-2 can regulate other MMPs (Loffek et al., 2011) , and that serum itself contains MMP-2 and other matrix metalloproteinases, as well as proteinase inhibitors (Wysocki et al., 1993; Grinnell and Zhu, 1996) , that could become associated with the collagen matrix. The upstream mechanism of MMP activation in this model system will be an important subject of future research.
In summary, our studies demonstrate dynamic regulation of morphogenic cell structures that depends on the balance between cell clustering and individual cell migration. Our findings suggest that matrix metalloproteinases, especially MMP-2, play a key role in dispersal of cell clusters and disruption of fibronectin fibrillar matrix. These findings are consistent with the observation that PDGF stimulation and MMP-2 expression decrease mesenchymal cell condensation and increase cell migration in tissue explant models and during chondrogenesis (Robbins et al., 1999; Jin et al., 2007) . Our experimental model should be useful to help understand better the effects of distinct growth factor signaling environments on cell behavior during normal tissue homeostasis such as occurs in development and wound repair and under pathological conditions such as tumor invasiveness and metastasis.
MMP-2 detection in culture supernatants
Culture supernatants were collected, neither concentrated nor diluted, and assayed for MMP-2 detection by using a Human MMP-2 ELISA Kit (Invitrogen, Camarillo, CA), following manufacturer's instructions.
triplicate and repeated independently twice. Data shown are averages ± SE. Significance (p < 0.05) was determined by using Student's t test.
Microscopy
At the end of experiments, samples were fixed with 3% paraformaldehyde, diluted in PBS, and stained for actin, FN, and cell nuclei as described previously (da . Observations were made using an Eclipse Ti microscope (Nikon, Melville, NY), using 10×/0.45 PlanApo and 4×/0.13 PlanFluor infinity-corrected objectives. Images were acquired and processed with a CoolSNAP ES2 camera (Photometrics, Tucson, AZ) and NIS Elements imaging software. Final images were transferred to Photoshop (Adobe, San Jose, CA) for processing. Coupled phase contrast and fluorescence time-lapse microscopy of cluster dispersal was performed as previously described with images taken every 20 min for 20 h after addition of DMEM-PDGF (da .
Western immunoblotting
Immunoblotting was performed as before (da Rocha-Azevedo et al., 2013) using primary antibody dilutions of 1:1000 for FN, MMP-2, MT1-MMP, and actin and 1:5000 for HRP-conjugated goat antimouse and anti-rabbit secondary antibodies. For detection of FN in culture supernatants, medium samples were diluted in sample buffer, boiled, and submitted to SDS-PAGE and transferred to polyvinylidene fluoride membranes.
Extraction of cell-containing collagen matrices was accomplished similarly as described (Fringer and Grinnell, 2003) . Briefly, for each SDS-PAGE sample, three collagen matrices were washed three times in PBS, combined, and centrifuged for 4 min at low speed and 4°C to remove excess medium. The samples were subjected to 50 strokes with a Dounce homogenizer (pestle B; Wheaton Scientific, Millville, NJ) in 200 μl of NP-40 lysis buffer containing protease and phosphatase inhibitor cocktails. Subsequently, samples were clarified by centrifugation at 14,000 rpm for 10 min at 4°C, and supernatants were dissolved in 4× sample buffer and boiled for 5 min.
siRNA transfection
Semiconfluent cell cultures on six-multiwell plates were washed twice with serum-free DMEM and incubated for 2 d in a mixture containing 250 μl of siRNA-lipid complex per well (final siRNA concentration of 25 pmol, 7.5 μl of Lipofectamine/well in Opti-MEM) in 1.75 ml of DMEM-FBS. After incubation, cells were trypsinized and added on collagen matrices in diverse experimental conditions as described. Mock experiments consist of control nontargeting siRNA sequences instead of MT1-MMP and MMP-2-specific siRNA.
Zymography
Proteolytic activity was assessed using gelatin zymography as described (Troeberg and Nagase, 2004) . Briefly, samples prepared in SDS sample buffer under nonreducing conditions were subjected to SDS-PAGE using gels composed of 10% acrylamide copolymerized with 0.1% gelatin. After electrophoresis, gels were washed twice for 30 min with a 2.5% Triton X-100 solution at 4°C to remove SDS and incubated overnight at 37°C in development buffer (50 mM Tris base, 200 mM NaCl, and 5 mM CaCl 2 , pH 7.5) for protease activation. Areas of gelatinase activity appeared as clear bands against a dark blue background after being stained with Coomassie blue.
